Abstract DFNB89 is a novel autosomal recessive nonsyndromic hearing impairment (ARNSHI) locus that was mapped to 16q21-q23.2. Linkage to the region was established by carrying out genome-wide linkage scans in two unrelated, consanguineous Pakistani families segregating ARNSHI. The maximum multipoint LOD score is 9.7 for both families and for each family, a significant maximum LOD score of 6.0 and 3.7 were obtained. The 3-unit support interval and the region of homozygosity for the two families extend from rs717293 (chr16: 62.1 Mb) to rs728929 (chr16: 78.2 Mb) and contain 16
Introduction
Currently, *150 loci for nonsyndromic (NS) hearing impairment (HI) have been mapped, and [50 NSHI genes have been identified, of which 37 genes are involved in the genetic etiology of autosomal recessive (AR) NSHI (Hereditary Hearing Loss Homepage). The discovery of NSHI genes and their causal variants aid in both diagnostic genetic screening and therapeutic interventions for HI as well as increase our understanding of the pathophysiology of HI.
DFNB89, a new locus for ARNSHI, was mapped to chromosome 16q21-q23.2 through a genome-wide linkage scan and homozygosity mapping using 21 DNA samples from two unrelated, consanguineous Pakistani families. Each family could independently establish linkage to the region with significant maximum multipoint LOD scores of 6.0 and 3.7. Within the DFNB89 region, each family has a unique haplotype, and the overlapping regions of homozygosity resulted in an interval containing 16.1 Mb of sequence.
Materials and methods

Family history and clinical evaluation
With the prior approval from the Institutional Review Boards of the Quaid-I-Azam University and the Baylor College of Medicine and Affiliated Hospitals, the study was initiated and informed consent was obtained from all family members who participated in the study. Families 4338 ( Fig. 1 ) and 4406 ( Fig. 2) are consanguineous kindreds displaying ARNSHI. These families are from Azad Jammu and Kashmir in the Pakistani-administrated northwestern region of the Indian subcontinent.
The ARNSHI in both families is bilateral, non-progressive, prelingual, and moderate-to-severe affecting all frequencies. Perinatal and maternal history and interviews regarding infections, ototoxic medication, head trauma and noise exposure did not indicate a possible environmental cause for the HI. Following careful evaluation for systemic features, no obvious stigmata that would indicate that the HI is syndromic were found. Romberg testing and gait assessment were both negative. Fundoscopic examination did not reveal any evidence of retinitis pigmentosa.
DNA extraction, genotyping and linkage analysis
For family 4338, venous blood was obtained from 12 family members, 7 of whom are hearing impaired (Fig. 1) , while for family 4406, 4 of 9 pedigree members who provided a blood sample present with HI (Fig. 2) . Genomic DNA was extracted following a standard protocol (Grimberg et al. 1989) . A whole genome linkage scan was carried out at the Center for Inherited Disease Research (CIDR) using the Illumina Human Linkage-12 panel which contains 6,090 SNP marker loci.
On the generated genotype data, PedCheck (O'Connell and Weeks 1998) was used to identify Mendelian inconsistencies, while the MERLIN (Abecasis et al. 2002) program was used to assess the data for occurrence of double recombination events over short genetic distances, which are most likely due to genotyping error. Two-point linkage analysis was carried out using MLINK of the FASTLINK package (Cottingham et al. 1993) analysis was performed using Allegro1.2c (Gudbjartsson et al. 2000 ). An AR mode of inheritance with complete penetrance and a disease allele frequency of 0.001 were used in the analysis. Marker allele frequencies were estimated from observed and reconstructed genotypes of the founders from families 4338 and 4406 and 49 additional Pakistani families that underwent a genome scan at CIDR. For multipoint linkage analysis, genetic map positions according to the Rutgers combined linkage-physical map of the human genome (Build 36 version) (Matise et al. 2007 ) were used. The March 2006 human reference sequence (Build 36) was used as the reference map to determine the physical positions of SNP marker loci, which were not available on the Rutgers map, and then interpolation was used to determine the genetic map distances between the SNP marker loci. Haplotypes were reconstructed using Simwalk2 (Sobel and Lange 1996) .
Candidate gene sequencing
Using Primer3 software (Rozen and Skaletsky 2000) , primers were designed to sequence the exons, intron boundaries and promoter regions for eight candidate genes: CALB2, CDH1, CDH3, CDH11, HAS3, NOB1, PLEKHG4 and SMPD3. From each family, DNA samples from one hearing and two hearing-impaired family members underwent sequencing [pedigree 4338: IV-3, V-4 and V-6 ( Fig. 1 ) and pedigree 4406: III-1, IV-2 and IV-4 (Fig. 2) ]. PCR-amplified DNA products were purified with ExoSAP-IT (USB Corp., Cleveland, OH, USA). Sequencing was 1  1  2  2  2  2  1  2  1  1  1  2  1  1  2  2  1  2   2  1  1  2  2  2  1  2  1  1  1  2  1  1  2  2  2  2   1  1  2  2  2  2  1  2  1  1  1  2  1  1  2  2  1  2   2  1  1  2  2  2  1  2  1  1  1  2  1  1  2  2  2  2   2  2  1  1  1  1  2  1  2  2  2  1  2  2  1  1  2  2   2  2  1  1  1  1  2  1  2  2  2  1  2  2  2  2  2  2   2  1  1  2  2  2  1  2  1  1  1  2  1  1  2  1  1  1   1  1  2  2  2  2  1  2  1  1  1  2  1  1  2  2  1  2   2  1  1  2  2  2  1  2  1  1  1  2  1  1  2  1  1  1   1  1  2  2  2  2  2  1  2  2  2  1  2  2  1  1  2  2   2  1  1  2  2  2  1  2  1  1  1  2  1  1  2  1  1  1   1  1  2  2  2  2  1  2  1  1  1  2  1  1  2  2  1  2   rs8060118  rs837529  rs735144  rs247041  rs6993  rs1482258  rs1027277  rs717293  rs1359839  rs9033  rs235987  rs719353  rs7187229  rs1074964  rs1079635  rs1125733  rs1037973  rs2012502   rs8060118  rs837529  rs735144  rs247041  rs6993  rs1482258  rs1027277  rs717293  rs1359839  rs9033  rs235987  rs719353  rs7187229  rs1074964  rs1079635  rs1125733  rs1037973 performed with the BigDye Terminator v3.1 Cycle Sequencing Kit and Applied Biosystems 3730 DNA Analyzer (Applied Biosystems Inc, Foster City, CA, USA). The DNA sequences were assembled and analyzed using the Sequencher software V4.9 (Gene Codes Corp., Ann Arbor, MI, USA).
Results
No genotyping errors were detected through the occurrence of Mendelian inconsistencies or double recombination events occurring over short genetic map distances. A maximum two-point LOD score of 4.5 (h = 0) for family 4338 was obtained at the marker locus rs1018910 (69.8 Mb), while for family 4406, a maximum two-point LOD score of 2.8 (h = 0) was observed at rs235987 (69.8 Mb) (Table 1) .
To facilitate multipoint linkage analysis, pedigree 4338 was split into two branches, due to its large size. A maximum multipoint LOD score of 6.0 was obtained for nine markers flanked by rs717293 (62.1 Mb) and rs728929 (78.2 Mb) ( Table 1) . The 3-unit support interval (SI) and the region of homozygosity which spans 20.2 cM is bounded by markers rs717293 (62.1 Mb) and rs728929 (78.2 Mb) and contains 16.1 Mb of sequence ( Fig. 1 ; Table 1 ). The centromeric boundary of the region of homozygosity is delimited by a recombination event between the marker loci rs717293 and rs973200 in unaffected child V-8 and the telomeric boundary was delimited by a historic recombination event between rs424074 and rs728929 observed in affected children V-1, V-3 and V-4 (Fig. 1) .
For family 4406, a maximum multipoint LOD score of 3.7 was obtained for nine markers flanked by rs1482258 (58.1 Mb) and rs1125733 (79.0 Mb). The 3-unit SI and region of homozygosity is flanked by markers rs1482258 (58.1 Mb) and rs1125733 (79.0 Mb) which is 25.4 cM long and contains 20.9 Mb of sequence ( Fig. 2 ; Table 1 ).
The centromeric boundary was delimited by the recombination event between the markers rs1482258 (58.1 Mb) and rs1027277 (61.2 Mb) in the unaffected child IV-5. The telomeric boundary of the homozygosity region is delimited by a historic recombination event between marker loci rs1079635 and rs1125733 which can be observed in the HI children IV-4 and IV-6 (Fig. 2) . The 3-unit SI for family 4338 is completely contained within the 3-unit SI for family 4406 (Table 1) . The 3-unit SI and region of homozygosity are exactly same for family 4338 and contains 16.1 Mb of sequence. DFNB89 was assigned to this locus by the Human Genome Organization (HUGO) Gene Nomenclature Committee.
Within the DFNB89 region, there are 146 known genes including hypothetical proteins. Among those genes within the DFNB89 interval, the protein coding sequences and promoter regions in 5 0 -UTR of eight candidate genes CALB2, CDH1, CDH3, CDH11, HAS3, NOB1, PLEKHG4 and SMPD3 were sequenced. Although several known sequence variants were identified, no potential causal variants were observed.
Discussion
On chromosome 16, 2 NSHI loci have previously been identified: 1 AR, DFNB22 (Zwaenepoel et al. 2002) on 16p12.2 and the other an autosomal dominant (AD) locus, DFNA40, also on 16p12. For DFNB22 Otoancorin (OTOA; MIM 607038) (Zwaenepoel et al. 2002) has been identified while the gene for DFNA40 is unknown (Hereditary Hearing Loss Homepage). The mu-Crystallin (CRYM; MIM 123740) gene on 16p12.2, which does not have a corresponding locus number, was implicated as being responsible for NSHI in two unrelated individuals (Abe et al. 2003) . DFNB89 is the first NSHI locus mapped to the q-arm of chromosome 16 and the third NSHI locus identified on chromosome 16 (Fig. 3) .
Although no other NSHI loci map to 16q, the OTSC4 locus for otosclerosis (Brownstein et al. 2006 ) also maps to 16q and overlaps with the DFNB89 interval (Fig. 3) . Although the otoclerosis phenotype is distinct from the NSHI phenotype observed in the two families. It cannot be ruled out that different variants within the same gene is responsible for both OTSC4 and DFNB89. There have been many examples were various forms of HI, e.g. (Figs. 1, 2) . Therefore, the HI in these families can be due to different causal variants in the same gene or two different genes may be responsible for DFNB89. However, even though two different haplotypes are observed, this does not rule out the possibility that the two families are both homozygous for the same causal variant.
DFNA40
OTOA
Of the 146 genes in the DFNB89 region, CALB2, CDH1, CDH3, CDH11, HAS3, NOB1, PLEKHG4 and SMPD3 were chosen for sequencing. The Cadherin superfamily of genes is associated with both Usher syndrome and ARN-SHI (i.e. CDH23 (Bork et al. 2001 ) and PCDH15 (Ahmed et al. 2003) ) and facilitates cell-cell adhesion and signaling in various tissues. The Cadherin 11 gene (CDH11; MIM 600023) was shown to be necessary for otolith assembly in the developing zebra fish embryo (Clendenon et al. 2009 ) and was also reported to be expressed in the human fetal cochlea (Skvorak et al. 1999) . The Cadherin 1 (CDH1; MIM 192090) localizes to the apical intercellular junctions of supporting cells within the murine organ of Corti suggesting a role in inter-supporting cell adhesion (Whitlon 1993) . In addition, the Cadherin 3 (CDH3; MIM 114021) gene within the DFNB89 interval was sequenced.
Several genes were sequenced because of strong cochlear expression in animal model systems. Calbindin 2 or Calretinin (CALB2; MIM 114051) is expressed in inner hair cells, supporting cells and the cochlear ganglion (Deschene et al. 1991 ) and has been used as a marker for surviving hair cells and spiral ganglion neurons post-deafness or in differentiating inner ear stem cells (Coppens et al. 2001; MartinezMonedero et al. 2008 ). The Hyaluronan Synthase 3 (HAS3; MIM 602428) was also sequenced due to gene expression within the otic vesicle of mouse embryo, particularly in the vestibulocochlear ganglion (Tien and Spicer 2005) . The NIN1/RPN12-binding Protein 1 (NOB1; MIM 613586) has specific expression in spiral ganglion cells and is up-regulated in deaf guinea pigs (Han et al. 2009 ).
Two genes were selected as candidates for DFNB89 because of known associations with diseases that commonly occur with HI. A deletion in the mouse ortholog of sphingomyelin phosphodiesterase 3, neutral membrane (SMPD3; MIM 605777) was recently described to cause osteogenesis and dentinogenesis imperfecta, two diseases that are both associated with hearing loss (Aubin et al. 2005) . On the other hand, HI was documented in 38% of patients with autosomal dominant cerebellar ataxia due to Puratrophin 1 or Pleckstrin Homology Domain-containing Protein, Family G, Member 4 (PLEKHG4; MIM 609526) (Ouyang et al. 2006) . It remains to be seen if the DFNB89 locus contains more than one HI gene, or a single gene of either typical or variable phenotypic effect. The identification of DFNB89 gene will give us new insight into the hearing mechanism as well as into the genetic etiology of HI.
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